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Abstract

Bone fractures represent a common medical challenge, necessitating innovative
approaches for effective bone tissue regeneration. This thesis explores the potential of
controlled bone morphogenetic protein-2 (BMP-2) release from functionally graded (FG)
vs. uniform scaffolds made of Polycaprolactone (PCL) and Nanohydroxyapatite (HA)
incorporating gelatin nanoparticles. The scaffolds were fabricated using a combination of
the earlier proposed Non-Solvent-Induced Phase Separation (NIPS) method and 3D
printing and therefore display multi-scale porosity and spatially varying macropores
mimicking natural bone tissue. Gelatin nanoparticles (GNP) were created through a two-
step desolvation method, and BMP-2 was encapsulated into these nanoparticles using a
diffusion method. The incorporation of BMP-2 encapsulated gelatin nanoparticles into
PCL-HA scaffolds of uniform and FGSs was achieved through adsorption. Of particular
significance, this study investigates the effect of morphology and BMP-2-gelatin
nanoparticle loading on biological and release performance of uniform and functionally
graded scaffolds (FGSs). The macro porosity gradient and internal micro-porosity was
analysed using micro-computed tomography (micro-CT). Tensile tests using universal
tensile machine (UTM) were conducted on both uniform and FGSs to assess their
mechanical strength. The variation in macro-scale porosity gradient of multi-scale porous
scaffolds and its influence on in-vitro performance and release mechanism constitute the
primary focus of this research and were analysed using phalloidin and DAPI staining and
alkaline phosphatase activity (ALP) assays as well as enzyme linked immunosorbent
assay (ELISA) and confocal microscopy. Scanning electron microscopy (SEM) was
conducted to visualize the GNP structure and microstructure of scaffolds. The results
underscore the viability of fabricating scaffolds via NIPS-based 3D printing and loading
them via BMP-2 GNP demonstrating the potential for sustained release of BMP-2
encapsulated gelatin nanoparticles in 3D scaffolds with gradient and multi-scale porosity.
The findings contribute to the understanding of how porosity gradients influence the in-
vitro performance of these scaffolds, providing valuable insights for the design and
optimization of tissue engineering constructs.
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Ozet

Kemik kiriklar1 yaygin bir tibbi sorunu temsil eder ve etkili kemik doku yenilenmesi igin
yenilik¢i  yaklagimlara ihtiyag duyar. Bu tez, Polikaprolakton (PCL) ve
Nanohidroksiapatit (HA) iceren jelatin nanopartikuller (GNP) kullanan duzenli ve
fonksiyonel dereceli iskelelerin (FGS) kontrol edilen kemik morfogenetik protein-2
(BMP-2) salinim potansiyelini arastirmaktadir. iskeleler, daha &nce &nerilen Non-
Solvent-Induced Phase Separation (NIPS) yontemi ve 3D baski kombinasyonu
kullanilarak iiretildiginden, dogal kemik dokusunu taklit eden ¢ok o6l¢ekli porozite ve
fonksiyonel olarak degisen makroporlari sergiler. Jelatin nanopartikiilleri, iki asamali
desolvasyon yontemi kullanilarak Gretildi ve BMP-2’nin bu nanopartikuller igine
kapsullenmesi  difiizyon yontemiyle yapildi. BMP-2  kapsillenmis jelatin
nanopartikillerin, uniform ve FGS PCL-HA iskelelerine adsorpsiyon yoluyla
entegrasyonu saglandi. Bu calisma ozellikle morfolojinin ve BMP-2-jelatin GNP
yiliklemenin diizenli ve fonksiyonel dereceli iskelelerin biyolojik ve salinim performansi
lizerindeki etkisini arastirmaktadir. Iskelelerin makro porozite gradyani ve igsel mikro-
porozitenin ¢ok olgekli poroz yapisi mikro-CT kullanilarak analiz edildi. In-vitro
performans ve salinim mekanizmasi tizerindeki etkisi arastirildi. Diizenli ve fonksiyonel
dereceli iskelelerin mekanik dayanikliligin1 degerlendirmek i¢in her iki iskele tizerinde
cekme testleri universal ¢ekme cihazi (UTM) ile gergeklestirildi. Cok olcekli poroz
iskelelerin makro dlgekli porozite gradyanindaki degisim ve bunun in-vitro performans
ve salinim mekanizmasi tizerindeki etkisi, phalloidin ve DAPI boyama ve ALP deneyleri,
ELISA testleri ve konfokal mikroskopi kullanilarak analiz edildi. NP yapisim1 ve
iskelelerin mikroyapisini gorsellestirmek icin SEM yapildi. Sonuglar, NIPS tabanli 3D
baski kullanarak iskelelerin tiretilebilirligini ve BMP-2 GNP yiikleme ile onlar1 yiikleme
potansiyelini vurgular, boylece gradient ve ¢ok Olcekli poroziteye sahip 3D iskelelerde
BMP-2 igeren jelatin nanopartikiillerin siirdiiriilebilir salinim potansiyelini gosterir.
Bulgular, porozite gradyanlarinin bu iskelelerin in-vitro performansini nasil etkiledigine
dair anlayisa katkida bulunur, doku miihendisligi yapilarinin tasarimi ve optimizasyonu
icin degerli goriisler sunar.
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Chapter 1

Introduction

1. Motivation

Infections, trauma, or congenital physical issues commonly give rise to bone defects.
When these defects exceed critical-size limits, the need for bone transplants arises, which
may include autografts, allografts, or synthetic biomaterials. Given the high cost
associated with bone transplants and the demand for cost-effective alternatives, tissue
scaffolds emerge as an attractive option.

The desired properties of scaffolds encompass biocompatibility, biodegradability,
mechanical properties mimicking those of natural bone, appropriate porosity for nutrient
diffusion and cell infiltration, a three-dimensional structure resembling the extracellular
matrix, and surface chemistry conducive to cell adhesion. Furthermore, scaffolds should
exhibit osteoconductive properties, a controlled degradation rate aligned with tissue
regeneration, incorporation of bioactive components to enhance regenerative potential,
and adherence to sterility and safety standards (Pina et al., 2019). Complementing these
scaffold characteristics, the success of osteoinduction also depends on the presence of
undifferentiated stem cells and bioactive factors like bone morphogenetic proteins
(BMPs). However, these bioactive factors present challenges related to stability, half-life,
and concentration, which can be addressed through the development of a slow-release
system using scaffolds to control the release sequence and rate of bioactive factors
(Vesvoranan et al., 2022). The loading of bioactive agents onto scaffolds can be
accomplished through three primary methods: non-covalent bonding, covalent bonding,
and encapsulation into micro or nanoparticles (Pei et al., 2023).

Gelatin nanoparticles (GNP), due to their biocompatibility and versatility, are often
employed for bioactive agent delivery. These nanoparticles can encapsulate various

therapeutic agents, facilitating controlled release and targeted delivery to specific tissue



sites. The choice of a two-step desolvation process offers distinct advantages in the
fabrication of gelatin nanoparticles. This method allows for precise control over the
particle size, morphology, and drug encapsulation efficiency (Yasmin et al., 2017).
Therefore, in this thesis we produce GNPs using a two-step desolvation method into
Functionally Graded Scaffolds (FGS) and uniform scaffolds made of Polycaprolactone
(PCL) and nano-hydroxyapatite (HA) to study their effect on their biological response
and release performance.

Throughout the years, various fabrication techniques have been employed to obtain
scaffolds with these desired properties. One commonly utilized method is
electrospinning, which involves the electrostatic spinning of polymer solutions into
nanofibrous matrices that possess a high surface area and porosity. Freeze-drying, also
known as lyophilization, is another technique utilized to produce porous scaffolds. This
process involves freezing the scaffold and removing the water content, thereby preserving
its porous structure. Additionally, salt-leaching is a technique that involves the use of salt
particles as sacrificial templates. These salt particles dissolve, leaving behind a porous
scaffold structure (Maia et al., 2022a). Another widely used technique is 3D printing,
which allows for the layer-by-layer deposition of biomaterials, resulting in the creation
of complex scaffold structures with precise control over their geometry (Koons et al.,
2020a). Within these manufacturing methods, a notable technique is the integration of
non-solvent induced phase separation (NIPS) with 3D printing.

Explorations into 3D printing through the NIPS method have demonstrated the
production of consistent 3D structures featuring micro and macro pores (J. W. Kim et al.,
2017a). However, it is crucial to highlight that existing investigations have not yet delved
into the effects of non-uniform macro-porosity, or functionally graded scaffold
morphologies, in particular the integration of BMP-2 loaded gelatin nanoparticles into

FGS remains unexplored which is the main motivation of this thesis.

2. Objective

The primary objective of this research is to address the knowledge gap in existing
literature related to the performance analysis of scaffolds mimicking the natural bone
tissue, namely, FGSs in comparison to their uniform counterparts both with inherent

multi-scale porosity when loaded with BMP-2 encapsulated GNPs. The study intends to



utilize NIPS-based 3D printing technology in order to produce FGSs while examining the
impact and release kinetics of BMP-2 loaded GNPs.

Towards these objectives, the scaffolds analysed in this thesis were fabricated using a
combination of the earlier proposed Non-Solvent-Induced Phase Separation (NIPS)
method and 3D printing and therefore display multi-scale porosity and spatially varying
macropores mimicking natural bone tissue. Gelatin nanoparticles were created through a
two-step desolvation method, and BMP-2 was encapsulated into these nanoparticles using
a diffusion method. The incorporation of BMP-2 encapsulated gelatin nanoparticles into
PCL-HA scaffolds of uniform and FGSs was achieved through adsorption. Of particular
significance, this study investigates the effect of morphology and BMP-2-gelatin
nanoparticle (GNP) loading on biological and release performance of uniform and
functionally graded scaffolds.

To study these effects, we conducted a thorough investigation of scaffolds made of
Polycaprolactone (PCL) and Nanohydroxyapatite (HA) featuring macro-pore gradients
in multiple directions. Furthermore, we present the incorporation of BMP-2 loaded GNPs
into both uniform and FGSs produced through the NIPS process integrated to 3D printing,
hence delivering scaffolds with multi-scale porosity. Using these scaffolds, our research
presents an examination of the mechanical, biological and release performance by
comparing PCL-HA uniform scaffolds with FGS scaffolds containing BMP-2 loaded
gelatin nanoparticles. Experimental characterizations are carried out via mechanical UTM
testing, imaging via micro-CT and scanning electron microscope (SEM), in-vitro testing
including phalloidin and DAPI staining, alkaline phosphatase (ALP) activity and ELISA

testing as well as confocal imaging.

3. Contributions

This thesis investigates the effect of morphology and BMP-2-gelatin nanoparticle (GNP)
loading on biological and release performance of uniform and functionally graded
scaffolds produced using 3D printing integrated to non-solvent induced phase separation
(NIPS). NIPS was presented earlier to fabricate PCL-HA film scaffolds (Aydin et al.,
2023) and recently integrated to 3D printing to fabricate FGSs with multi-scale porosity
(Bilgili et al., 2024). As an extension, in this thesis we produce FGS using NIPS and 3D
printing and integrate BMP-2 loaded GNPs to investigate their effect on the biological

performance and BMP-2 release.



In summary, this thesis collectively contributes to:

1. Fabrication and characterisation of FGS 3D bone scaffolds via NIPS based 3D
printing loaded with BMP-2 encapsulated GNPs.

2. Investigation of the potential of BMP-2 encapsulated GNP adsorption for
controlled release of growth factors in PCL-nHA scaffolds.

3. A comprehensive exploration of the effects of porosity gradients on scaffold

mechanical and biological performance.



Chapter 2

Background

2.1 Tissue Engineering

Injuries, diseases, and genetic defects cause damage to organs and tissues in millions of
people. This causes healthcare and economic problems due to the limited regenerative
capacity of human species. The current solution to overcome this problem is organ
transplantation. Patient-derived autologous organs are used as the primary treatment. One
limitation of this approach is the shortage of supply and the potential morbidity associated
with donor sites. Alternative solutions include allograft organs and xenograft organs (Vo
et al., 2012). Nevertheless, their utilization is constrained by the potential for disease
transmission, host rejection, and infection hazards. The shortage of organ donors, low
donor-recipient matches, and an aging population also make organ transplantation
unsustainable and permanent (Chandra et al., 2020). At present, there is a waiting list of
approximately 107,000 individuals in the United States who are in need of organ
transplants (Lukin et al., 2022).

There has been a growing interest in tissue engineering as a way to address this critical
medical need. It integrates concepts from biology, engineering, and medicine to develop
tissues and organs that are functional (Figure 1). Tissue engineering aims to create
functional tissues that can serve as substitutes for damaged or diseased tissues by
replicating the extracellular matrix found in natural tissues (Ashammakhi et al., 2022).
Tissue engineering is the process of creating three-dimensional tissues that mimic
biological tissue using cells, scaffolds, and growth factors using different methods with

multi-disciplinary functionality some of which are depicted in Figure 1.
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Figure 1. Multifunctionality requirement of tissue scaffolds

Maintaining the vitality and efficacy of the cells utilized in constructing these structures,
ensuring that the structures are biocompatible, achieving vascularization, the process of
creating new blood vessels within the artificial tissue that can integrate with the host
tissue, and developing techniques for scaling up production of the structures are some of

the key limitations in tissue engineering (Naderi et al., 2011).
2.2 Bone Tissue Engineering

Bone is a complex and dynamic tissue that serves several crucial roles, including mobility,
mechanical support, and resistance to loads placed upon it by the human body.
Structurally, bone comprises organic and inorganic constituents each playing a crucial
role in its structure and function. Inorganic components, mainly calcium and phosphate,
provide rigidity and hardness, while the organic components consist mainly of collagen,
which provides resilience and durability to the bone. Bone can be examined as compact
bone and trabecular bone. The periosteum, also known as the outer layer of bone, serves
as a protective shield for the bone structure. The compact bone, located underneath the
periosteum, is characterized by its dense and rigid structure, constituting the majority of
the bone's overall mass. Within the compact bone are small channels that contain blood



vessels and nerves, which nourish the bone tissue and provide sensory feedback. The
trabecular bone, also known as the inner portion of the bone, consists of a complex
arrangement of delicate and interconnected trabeculae. Trabecular bone, although less
dense compared to compact bone, still possesses considerable strength, and plays a crucial
role in providing support to the bone structure. Within the spaces present between the
trabeculae, bone marrow is found, responsible for the production of both red and white
blood cells (Wang et al., 2016). Physiology of bone is shown in Figure 2 demonstrating
its main components.

Main mineral and protein components of bone Collagen Main cellular components of bone

(type I) fibrils

Natural bone Mesenchymal Haematopoietic

Cancellous LT stem cell stem cell
(spongy) bone 2 B
Trabeculae | BN <:"\\_) © Resident
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cell) /"' ‘\\

Size scale

Figure 2. Physiology of bone (Koons et al., 2020b)

#—Vascular cells

Perivascular cells

Bone possesses the remarkable ability to undergo self-healing, although the extent of this
healing process depends on the severity of the fracture (Awad et al., 2014). When
fractures exceed a critical size threshold, typically around 2 cm, the natural healing
capacity of bone may require external assistance (Koons et al., 2020b). There are different
strategies to help the bone to heal such as using bone autografts, allografts, or implants.
However, these approaches are not without their limitations. Autografts may lead to
issues like donor site morbidity, infections, or increased blood loss (Roberts &
Rosenbaum, 2012). Similarly, the utilisation of allografts carries the risk of infection
transmission and host rejection. Implants, on the other hand, may be prone to corrosion,
toxicity, (T. Kim et al., 2020) or necessitate additional surgical interventions. In order to
alter these limitations, bone tissue engineering strategies have been developed (Maia et
al., 2022a).

In short, an emerging field of regenerative medicine has been bone tissue engineering,

which develops strategies for repairing or regenerating damaged bone tissue. The primary



goal is to restore the structure, function, and mechanical integrity of damaged or diseased
bones. It is fair to state that bone tissue engineering can be examined in three main

categories: cells, scaffolds, and bioactive molecules (Awad et al., 2014).

2.2.1 Cell Types in Bone Tissue Engineering

The traditional approach in tissue engineering uses cells from tissues planted on scaffolds.
The cells may originate from autologous, allogeneic, or xenogeneic sources. Autogenic
cells are easier to manipulate and can reduce the risk of causing an immune response
when implanted into a patient and these cells eliminate the need for immunosuppressants.
Therefore, they are the primary choice in the current state (Al-Himdani et al., 2017).

The categorization of cells used in tissue engineering, such as, adult somatic cells, stem
cells and progenitor cells, is determined by their ability to differentiate (Figure 3). Stem
cells possess the remarkable ability to transform into specific cell types required for the
regeneration and restoration of damaged tissues. These cells are characterized by their
non-specialized nature, enabling them to adapt and differentiate into the precise cell types
necessary for tissue repair (Al-Himdani et al., 2017). Stem cells are categorized based on
their differentiation capabilities into totipotent, pluripotent, multipotent, and unipotent
cells. Totipotent cells, in addition to being able to differentiate into any cell type, also
possess the unique ability to develop into a complete organism. Pluripotent stem cells
possess the remarkable ability to differentiate into various types of fetal or adult cells, yet
they lack the capacity to develop into embryos. Multipotent stem cells possess the
capacity to undergo differentiation into a restricted range of cell types. Unipotent cells
are the cells that could turn into a single cell type (Loya, 2014). Stem cells can be
categorized into two main types according to their source: embryonic stem cells and
tissue-derived stem cells. Embryonic stem cells (ESC) are derived from the early stages
of embryo formation and possess the ability to develop into various cell types. The
drawback of using embryonic stem cells is that the distinction between ESC and the other
stem cells or cancer cells is difficult. Tissue derived stem cells have subtypes such as:
fetal stem cells and adult stem cells. Adult stem cells include induced pluripotent stem
cells (iPS), induced tissue-specific stem cells (iTS), and mesenchymal stem cells (Ntege
et al., 2020). Various organs within the adult body, such as the bone marrow, liver, and

blood, among others, serve as sources for adult stem cells. Using adult stem cells is



preferable because they do not cause immunological response. Despite this, their use is
limited due to decreasing quality and quantity of cells with age (Los et al., 2019).

In contrast to adult cells, progenitor cells are more differentiated and considered
multipotent instead of pluripotent. Due to their full differentiation, adult somatic cells
have limited future differentiation potential and relatively low growth rates (Al-Himdani
etal., 2017).

In bone tissue engineering, the objective is to develop innovative therapies for bone
regeneration and repair by comprehending the distinct characteristics and functions of

various cell types.

Fetal adnexa-derlved Tissue derived adult Induced pluripotent
ERENO e e adult stem cells stem cells stem cells
£g. UC-MSC/EPC, CV
£g ESC EPC, AF-MSC/EPC £4- EPCy, BMSC, ADSC £4.IPSC
Pluripotent or
Totipotent Pluripotent or Pluripotent
Multipotent Multipotent unp:
1 1 1 1
Morula Chorionic villi Somatic s
Umbilical cord 4
(
) 4
@ Large differentiating ® Easy to expand. ® Easily obtainable. @ Patient specific- allays
capability. ® No teratoma formation, ® Available in large quantities. concerns of immune
@ Unlimited phenotypic following engraftment, ® Autologous- allays concerns reaction
potential of immune reaction ® Unlimited quantity.
@ Easy to expand ® No ethical concerns.
@ Ethical objections. @ Limited phenotype. ® Limited phenotype. @ Potential tumorigenesis.
©® Concerns regarding @ Ethical concerns, ® Lack of specific identification ® Most suitable stage of
tumourigenesis. ® Difficult to isolate. markers. differentiation
© Difficult to isolate. ® Difficult isolation one tissue unknown.

obtained.

Figure 3. Different cell sources employed in tissue engineering (Al-Himdani et al.,
2017)



2.2.2 Materials in Bone Tissue Engineering

The choice of materials utilized is a critical factor in the field of bone tissue engineering.
The materials utilized should ideally be biocompatible, ensuring that they do not provoke
any negative responses from the immune system, and should also have osteoinductive
and osteoconductive features. The process of osteoconduction involves migrating
osteoinducible cellular elements (osteoblasts, osteoclasts) into the scaffolds, along with
their supplementary vasculature. Osteoinductivity describes the process of transforming
different lineages of cells into osteogenic cells. A variety of different materials used in
bone scaffolds have their specific properties that affect osteoinduction and
osteoconduction (Ghassemi et al., 2018). Materials frequently utilized in bone tissue
engineering are typically classified into polymers, ceramics, composite materials, and
metals.

The distinctive mechanical properties of metal make it an appealing material for use in
bone tissue engineering. Metals are constrained in their application as scaffold materials
due to their properties such as corrosion. The majority of metals, including tantalum,
titanium, and titanium alloys, exhibit non-biodegradable properties. Moreover,
magnesium carries the possibility of toxicity as a result of the release of metal ions (H.
Qu et al., 2019).

Polymers are organic materials composed of repeating subunits. There is a wide range of
polymers utilized in tissue engineering, including both synthetic and natural variants.
Natural polymers, including gelatin, chitosan, alginate, collagen and cellulose, are
derived from biological sources. Natural polymers show excellent biocompatibility and
degradation features. Tissue engineering applications find these materials desirable due
to their origin from sustainable sources, typically hydrophilic nature, ability to form
hydrogels, and promotion of cell attachment. Collagen is primary protein in natural bone,
and it consists of amino-acid sequences that enable cells to easily attach to the bone
matrix. They have a use as microparticles or nanoparticles that deliver other molecules.
However, they have low mechanical strength, and acquiring and processing these
polymers from living organisms creates compositional variability in different batches
(Koons et al., 2020Db), and they have low tunability (Reddy et al., 2021). These drawbacks
limit their application in tissue engineering and motivate to use composites mostly in the

form of mixtures of ceramics and polymers.
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Synthetic polymers present a vast array of chemical alterations that can be adjusted to
fulfil specific requirements, providing greater possibilities for customization. In contrast,
in comparison to natural polymers, synthetic polymers exhibit diminished bioactivity,
lack of cellular recognition sites, and limited osteoconductivity. In the creation of
scaffolds, several types of synthetic polymers have been studied. Among them, the
aliphatic polyesters, namely Poly(e-caprolactone) (PCL), Poly(lactide-co-glycolide)
(PLGA), and polylactide (PDLA, PLLA), are widely recognized as the most employed
synthetic polymers (Donnaloja et al., 2020a).

The absence of bioactivity in synthetic polymers and the predominant inorganic
composition of bone structure (Feng, 2009), incorporating hydroxyapatite into the
scaffold increases the chances of enhancing bioactivity and promoting better integration
with the natural bone tissue. In this thesis, due to its favourable properties and our earlier
expertise we make use of PCL- HA composites.

The choice of materials is essential for the success of bone tissue engineering and
subsequent bone repair or replacement procedures. The viability of utilizing these
materials has been established for the fabrication of NIPS integrated to 3D printing in

earlier studies and producing FGSs mimicking bone like tissue morphology.

2.2.3 Scaffolds in Bone Tissue Engineering

Scaffolds represent a fundamental component of bone tissue engineering, alongside cells
and signalling molecules. These scaffolds are intricate three-dimensional (3D) structures
designed to imitate the native bone tissue's extracellular matrix (ECM) (Buer Boyetey et
al., 2023). There are certain requirements of a scaffold to be an ideal support for the
regeneration of bone tissues, such as biocompatibility, biodegradability, and
osteoconductivity (Bahraminasab, 2020). To ensure a successful integration between the
body and the scaffold, it's crucial that scaffolds degrade slowly and in a controlled manner
over time, and it should be in the rate of the natural bone growth (Tang et al., 2016). A
scaffold must provide a substrate for cellular adhesion and should stimulate the growth
of the cells (Ghassemi et al., 2018).

Porosity is one of the most crucial properties of a scaffold. Interconnected pores are
required for cells to colonize scaffolds and infiltrate inner parts. Also, it is essential to
ensure the transportation of the nutrients, metabolic wastes, and gases through the

scaffold. It has been suggested that an interconnected porosity of approximately 90% is
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suitable to ensure effective interactions between cells and biomaterials (Donnaloja et al.,
2020b). Additionally, porosity has an important effect on mechanical characteristics of
the scaffold. According to previous studies, as porosity increases, elastic modulus storage
modulus decreases (Hollister, 2009).

Osteoblasts require a larger pore size when forming new bone, as they naturally range in
size from 10-50 microns, up to 100-200 microns when regenerating mineralised bone
(Abbasi et al., 2020). Also, a scaffold must exhibit mechanical characteristics of the native
bone tissue. Bone tissue possesses a modulus of elasticity of 18 GPa when applied axially,
12 GPa when applied transversely, and 3.3 GPa when subjected to shear stresses
(Donnaloja et al., 2020b).

The design of scaffolds holds great significance in delivering the required functionality
for effective bone regeneration via tuning their properties among which material and
geometrical composition stands out. Nature displays a plethora of graded patterns, from
the complex trabecular formations in bones to the unique variations in seashells and plants
(Li et al., 2020). These organic patterns have influenced the innovation of Functionally
Graded Structures (FGS), which have remarkable attributes like enhanced porosity,
tailorable stiffness, superior energy absorption, and a constructive interaction with
biological tissues. Through a nuanced distribution of mechanical and biological features,
FGS can correctly address the biomechanical needs of bone tissue repair and regrowth.
Moreover, by finely tuning the arrangement of varying-sized pores, FGS can emulate the
structure and mechanical traits of natural bones. Diverse techniques have emerged to craft
these structures, considering both their mechanical and biological functionalities (Zhou
et al., 2020). For example, integrating natural or man-made scaffolds with progressive
gradients in attributes like shape, rigidity, porosity, and density can emulate the
characteristics of the Extracellular Matrix (ECM), amplifying the therapeutic promise for
tissue restoration (Pattnaik et al., 2023). In this thesis, with the proved importance of
multi-scale micro and macroporosity of bone scaffolds, we fabricate scaffolds with
micropores within the extruded filament via NIPS and a controlled macro-porosity with
variations both in the radial and longitudinal directions through 3D printing. Within
these promising 3D functionally graded scaffolds created using the NIPS method
integrated with a 3D extrusion-based printer, we further load these with BMP-2
encapsulated gelatin nanoparticles and analyse the impact of morphology and BMP-2

loaded gelatin nanoparticles on their biological performance in-vitro.
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2.2.4 Methods Used for Scaffold Fabrication

Different scaffold fabrication techniques can yield scaffolds with varying properties,
including porosity, mechanical strength, degradation, and cell compatibility. When
selecting a fabrication method, it is important to consider the intended goal of the scaffold.
There are several methods available for fabricating porous 3D scaffolds, such as freeze-
drying, electrospinning, gas foaming, solvent casting, nonsolvent induced phase
separation (NIPS) (Yanar et al., 2020) and particulate leaching (\Vesvoranan et al., 2022).
These methods suffer from a lack of precision in regulating the scaffold's structure,
including pore size, pore geometry, large-scale reproducibility which is vital in achieving
patient specific multi-functional scaffolds.

3D printing, which is also referred to as additive manufacturing, has the potential to
precisely control the structure of the scaffold, in a way that can be more reproducible in
substantial amounts (Maia et al.,, 2022a). 3D printing enables the production of
complicated topological characteristics, thereby facilitating the development of
personalised scaffolds designed to meet unique needs of individual patients. The most
common types of 3D printing are fused deposition modelling (FDM), extrusion, selective
laser sintering (SLS), inkjet printing, stereolithography (SLA) as shown in Figure 4.
Filaments in extrusion-based 3D printing are formed by extruding material through a
nozzle using pneumatic pressure or a mechanical plunger. Subsequently, these filaments
are laid down in a layer-by-layer fashion (Koons et al., 2020a).

Unlike 3D printing, NIPS is commonly employed as a method to fabricate polymeric
membranes, where non-solvents are utilised to induce phase separation. This technique
allows for the creation of microporous membranes(Kahrs & Schwellenbach, 2020). By
combining the NIPS process with 3D printing, it is possible to fabricate 3D scaffolds with
precisely controlled microporosity (J. W. Kim et al., 2017b; Seok et al., 2020). In this
thesis, we integrate NIPS to 3D printing as was done earlier to produce FGSs and in
particular incorporate BMP-2 encapsulated GNPs to allow for further functionalization

assessed through their potential for controlled growth factor release.
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Figure 4. Additive manufacturing methods: A) Extrusion, inkjet, laser assisted printing,
B) Stereolithography, C) Fused deposition modelling, and D) Selective laser sintering
(Maia et al., 2022b).

2.2.5 Bioactive Molecules in Bone Tissue Engineering

The healing process of a bone fracture involves the coordination of various bioactive
molecules that orchestrate vital mechanisms such as cellular growth and specialization
(Szwed-Georgiou et al., 2023). Notably, growth factors are significantly important in
promoting the regeneration of tissues. To emulate this natural process, an optimal tissue

scaffold should effectively manage the localised and targeted delivery of growth factors
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and regulate the timing of growth factor release. In the context of osteogenesis and bone
healing, osteoinductive growth factors, including but not limited to bone morphogenetic
proteins (BMPs), transforming growth factors (TGF-p), insulin-like growth factors (IGF),
vascular endothelial growth factors (VEGF) play a regulatory role in guiding cellular
behaviour (Oliveira et al., 2021).

The short protein half-life, rapid degradation, and enzyme-mediated deactivation of
growth factors necessitate a carrier for in vivo applications. It is possible to deliver growth
factor-containing scaffolds through physical entrapment, covalent or noncovalent
binding, or by using micro- or nanoparticles as reservoirs for growth factors (De Witte et
al., 2018). A wide array of synthetic and natural polymers has been employed for
encapsulating growth factors within polymeric micro- or nanoparticles. Due to varying
surface-to-volume ratios, the size of polymer particles directly influences the rate of
protein release (Tayalia & Mooney, 2009). Polymers or inorganic materials such as
PLGA, PHBV, PLG, HA, silica, chitosan, gelatin are widely studied for growth factor
delivery (Chen et al., 2007; Choe et al., 2022; Neumann et al., 2013; Schrade et al., 2022;
Xie et al., 2010; Yilgor et al., 2009).

Gelatin nanoparticles have emerged as promising carriers among these options, owing to
their biocompatibility, biodegradability, and customizable properties. Studies exist on the
encapsulation of BMP-2 within gelatin nanoparticles demonstrating its potential to offer
controlled and sustained release, promoting prolonged therapeutic effects. The unique
characteristics of gelatin nanoparticles make them an attractive option for delivering
BMP-2. For instance, to achieve controlled release of growth factors, Wang et al. prepared
BMP-2 and ALP loaded gelatin nanospheres and microspheres and investigated the
properties of nano and micro-sphered gelatin gels (H. Wang et al., 2012). In their study,
Xia et al. created scaffolds using BMP-2 loaded gelatin microspheres with PLGA and
examined how these scaffolds influenced osteogenesis (Xia et al., 2019). Poldervaart et
al. explored the bioprinting of hydrogel scaffolds incorporating controlled-release
particles containing BMP-2. The research investigated whether the sustained presence of
BMP-2 within scaffolds enhances osteogenic differentiation and bone formation in
comparison to rapid growth factor release (Poldervaart et al., 2013). However, majority
of these studies focused on scaffolds with micro-porosity or structures with uniform pore
morphology. To the best of our knowledge, no study exists investigating BMP-2 loaded
gelatin nanoparticle release kinetics from scaffolds with FGS morphologies mimicking

the actual bone structure. To address this gap in the literature, in this thesis GNPs were
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synthesized for BMP-2 growth factor encapsulation and incorporated into both uniform
and FGSs for a comparative analysis in their in-vitro and release behaviour.

2.2.5.1 Encapsulation of Bioactive Factors

Particulate encapsulation involves the incorporation of bioactive substances into
nanoparticles or microparticles made of natural biodegradable materials like collagen,
alginate, and gelatin (Caballero Aguilar et al., 2019). Various techniques such as
electrospinning, template assembly, and casting are utilized in this delivery method
(Zhang & King, 2020). These encapsulated substances are then incorporated into
scaffolds to target bone defects. The release mechanism of this approach includes the
diffusion of bioactive factors, degradation of nanoparticles or microspheres, and scaffold
degradation.

There are numerous advantages associated with the use of nanoparticles or microparticles
within scaffolds. Firstly, the small size, large surface area, and high porosity of these
particles enhance cell adhesion and proliferation, while also significantly improving the
loading rates of bioactive factors (Tarhini et al., 2017). Secondly, the incorporation of
nanoparticles or microparticles helps to mitigate the degradation of bioactive factors by
enzymes, thereby enhancing the efficacy of bone regeneration. Lastly, this approach
enables the simultaneous loading of multiple types of bioactive factors and allows for the
regulation of their release (Subbiah & Guldberg, 2019).

2.2.5.2 Bioactive Factors’ Release Mechanism

Understanding the mechanisms that control the release of bioactive substances is crucial
for improving continuous-release platforms and enhancing bone regeneration. These
mechanisms include diffusion, degradation, and reactions to stimuli such as pH,
temperature, and enzymes as shown schematically in Figure 5. Bioactive Factors’ release
mechanism a) responsive to stimuli: pH, temperature, and enzymes. b) degradation c)
diffusion (Pei et al., 2023).
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Figure 5. Bioactive Factors’ release mechanism a) responsive to stimuli: pH,
temperature, and enzymes. b) degradation c) diffusion (Pei et al., 2023).

Various environments with different levels of acidity or alkalinity can have an impact on
the release of bioactive substances due to the varying conditions found within organs,
tissues, and cells. When pH levels in the surrounding environment change, pH-sensitive
materials release bioactive substances as ionizable groups or acid-cleavable bonds are
broken. (M. Qu et al., 2020). This sensitivity is made possible by the absorption or release
of protons, which can lead to changes in the swelling, contraction, and other
characteristics of biomaterials. For example, the weak polyelectrolyte poly (allylamine
hydrochloride) experiences an increase in osmotic pressure as the pH decreases, thereby
facilitating the diffusion of bioactive substances (Pei et al., 2023).

2.2.5.3 Release with Degradation

The release of bioactive factors can occur through the degradation of carrier materials.
When biological materials undergo hydrolysis or other forms of degradation, the
bioactive factors are released. The sustained-release rate of bioactive factors is influenced

by the degradation rate of the biological materials (Pei et al., 2023).
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2.2.5.4 Diffusional Release

The bioactive components diffused out of the porous framework of bioactive substances
due to a concentration gradient, moving from areas of high concentration to areas of low
concentration. The rate at which diffusion takes place was influenced by the size,

porosity, and interconnectedness of the pores (Pei et al., 2023).

2.2.6 Gelatin Nanoparticle Preparation Techniques

Gelatin nanoparticles can be generated using different methods, such as de-solvation,
emulsification-solvent evaporation, reverse-phase microemulsion, coacervation-phase
separation and nanoprecipitation. In the coacervation method as depicted in Figure 6,
following the separation of liquid-liquid phases, the polymer precipitates within the
solution, giving rise to two distinct and immiscible phases. Typically, natural salts like
sodium chloride or sodium sulphate, as well as alcohols like ethanol, are employed to
achieve the formation of nanoparticles (NPs). However, an alternative approach known
as complex coacervation involves the utilization of macromolecules, such as proteins or
polyelectrolytes, that have opposite charges. The dehydration of gelatin molecules
ultimately leads to the creation of gelatin nanoparticles (GNPs), which can be further

cross-linked with other agents like GA.
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Figure 6. Schematic representation of complex coacervation method (Dhakal & He,
2020)
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The formation of GNPs can be achieved through the utilization of the solvent evaporation
technique as graphically shown in Figure 7, which involves the use of either single
emulsions or double emulsions. During this procedure, gelatin and medications found in
the water-based layer are carefully blended with the oil-based layer, which can consist of
either polymethyl methacrylate or paraffin oil. Subsequently, the resulting mixture is
cross-linked using either GA or genipin. Afterwards, the solvent is evaporated, leading to

the solidification of the nanoparticles (NPs).
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Figure 7. Representation of solvent evaporation technique (Rao & Kamala Kumari,
2020)

The process of creating microemulsion as summarized in Figure 8 involves the
introduction of an aqueous gelatin solution into a surfactant solution containing sodium
bis(2-ethylhexyl) sulfosuccinate, within n-hexane. This mixture is then cross-linked with
GA and the n-hexane is subsequently evaporated, resulting in the recovery of GNPs. The
utilization of microemulsion offers several benefits due to its ability to provide precise

manipulation of nanoparticle size.
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The nanoprecipitation method shown in Figure 9 includes dissolving gelatin in a water-
based solvent phase. The aqueous phase is mixed with ethanol, which acts as the
nonsolvent phase, and includes poloxamer as a stabilizing agent. The generation of gelatin
nanoparticles occurs at the interface between water and ethanol, facilitated by solvent

displacement-induced interfacial turbulence. Following this, the formed GNPs are cross-

linked using glutaraldehyde (GA).
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Figure 9. Schematic representation of nanoprecipitation method (YYasmin et al., 2017)

The two-step desolvation method as shown in Figure 10 consists of introducing a
desolvating agent into an aqueous gelatin solution to eliminate water and dehydrate the
gelatin molecules. Subsequently, the low molecular weight gelatin is eliminated, leaving
only the high molecular weight fraction. This residual gelatin is then dissolved in water,

and acetone is gradually added to the solution while maintaining a regulated pH. To
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achieve uniformly hardened spherical nanoparticles, a cross-linking agent is introduced.
The purification process entails thorough centrifugation (Yasmin et al., 2017). This thesis
employs the two-step desolvation method for gelatin nanoparticle production, chosen for
its ability to generate smaller and more uniform nanoparticles. This method involves

selectively eliminating low molecular weight gelatin, enabling precise control over
particle size and results in a more uniform distribution.
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Figure 10. Schematic representation of two-step desolvation method used in this thesis
to produce gelatin nanoparticles (Milano et al., 2023)
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Chapter 3

Material and Methods

Within this chapter, we outline the materials and methods of the primary approach utilized
in the creation of scaffolds and gelatin NP synthesis, along with the process of loading
BMP-2 growth factors. A schematic representation of the entire process used in this thesis
is shown in Figure 13. We also discuss the characterization methods employed in this
thesis including porosity analysis using micro-CT, scanning electron microscopy for
morphology analysis, evaluation of mechanical properties, viscosity analysis,
measurement of contact angle, and in vitro testing methods such as MTS assay for cell
viability assessment, ALP assay for alkaline phosphatase activity measurement, ELISA

for release studies and confocal imaging for morphological analysis.

3.1 Materials

Poly(e-caprolactone) pellets (PCL, Mn = 80.000), nanohydroxyapatite powder (nHA,
<200 nm), glutaraldehyde (GA, 50 wt% solution in water), gelatin (type A, bloom 300
from bovine skin) were obtained from Sigma Aldrich (St. Louis, MO, USA). Acetone and
tetrahydrofuran were purchased from Merck. Glycine was purchased from Neofroxx. The
experiments were conducted using Millipore water having a resistivity of 18.2 MQ-cm.
Cell culture materials constitute MC3T3-E1 subclone 4 (ATCC CRL-2593) cells, Alpha-
MEM (Gibco) medium, Fetal Bovine Serum (Pan Biotech), Penicillin-Streptomycin
solution (Pan Biotech). For in vitro assays MTS assay (CellTiter 96 Aqueous One
Solution Cell Proliferation Assay, Promega), ALP assay kit (Alkaline Phosphatase,
Diethanolamine Detection Kit, Sigma Aldrich), M-PER (Mammalian Protein Extraction
Reagent, Thermo Scientific) were used. For staining the actin filaments, Alexa Fluor 546
Phalloidin dye (Invitrogen) was used, and for staining the nucleus of the cells DAPI

(Sigma) was used.
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3.2 Preparation of Solution

PCL pellets were dissolved in THF at 40 °C with the aid of a magnetic stirrer and a water
bath to prepare solutions for 3D printing. The gradual addition was done at a
concentration of 15% wi/v. After overnight stirring, nHA powder was gradually added to
the solution (10% with respect to PCL) and stirred for 24 hours. Since THF is an easily

evaporating solvent, it is important to carefully seal the solution beaker in all the steps.
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Figure 11. Schematic representation of NIPS based 3D printing used in this thesis
(Bilgili et al., 2024).

3.3 Scaffold Fabrication

The solution was directly extruded from the print head to an ethanol (70%) bath in order
to integrate the 3D printing process with the NIPS process. A pneumatic extrusion-based
3D bioprinter Inkredible (Cellink, Gothenburg, Sweden) was used for fabricating the
uniform and FGS scaffolds with the morphologies shown in Figure 12. CURA (Version
5.6.0, Ultimaker) was used to generate G-code from predesigned SOLIDWORKS
models. In order to build the scaffolds, using a layer-by-layer extrusion of the ink, this G-
code was used to control the relative positioning of the workstation and the nozzle.

The composite solution, once prepared, was loaded into the barrel, and extruded using a
pneumatic system. Printing occurred with the nozzle submerged in an ethanol bath. The
nozzle size of 25G was used to create uniform and FGS scaffolds with 0.4-0.6 strut sizes.
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The integration of 3D printing and the NIPS method involved adjusting key parameters:
pneumatic pressure level, printing speed, and layer thickness. Optimization of these
settings was based on the viscosity of the solution.

In this thesis, the pressure for uniform scaffolds was adjusted to 140 kPa, while the nozzle
speed was set at 10 mm/s for the initial layer and 15 mm/s for the subsequent layers. On
the other hand, for FGS scaffolds, the pressure was set to 170 kPa, with the first layer's
speed set at 8 mm/s and the remaining layers at 16 mm/s. The variation in speed between
the first layer and the subsequent layers was due to the curing process of the solution. If
the speed is too low for all layers, the first layer cures too quickly, causing the scaffold to
detach from the glass surface. Conversely, if the speed is too fast, the first layer fails to

adhere to the glass surface.
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Figure 12. Designs and dimensions of FGS and uniform scaffolds
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3.4 Preparation of Gelatin Nanoparticles and BMP-2 loaded Gelatin
Containing Scaffolds

We prepared gelatin nanoparticles using an existing method of two-step desolvation
described by Coester et al. (Coester et al., 2000) for which the steps are given as follows.

1. Asolution was prepared by dissolving 1.25 g of gelatin in 25 ml of ultrapure water
at a temperature of 50 °C for 30 minutes. Subsequently, the solution was taken off
the heat and 25 ml of cold acetone was added. The mixture was then allowed to
sit at room temperature for 1 hour, leading to the precipitation of the high
molecular weight fraction.

2. The supernatant is discarded, and the remaining gelatin was redissolved in
ultrapure water (25 ml) at 50 °C for 30 minutes.

3. The dissolved solution is cooled to room temperature and the pH is adjusted to
~2.5 (5 M HCI).

4. Chilled acetone was added to the solution dropwise (2 ml/min, 1000 rpm) at 40
°C until the Tyndall effect was observed (~75 ml acetone).

5. The nanoparticles were crosslinked with glutaraldehyde (25%, 165 ul) overnight.

6. After crosslinking, glycine solution (100 mM) was added to the nanoparticle
suspension to block the unreacted aldehyde groups of glutaraldehyde and stop the
crosslinking reaction.

7. The nanoparticles were washed by centrifugation (16,500 xg, +4 °C, 30 minutes)
three times and redispersed in water and freeze dried.

Diffusional loading was used as a technique to enhance the loading of BMP-2 onto gelatin
nanoparticles. This method involved directly combining a protein solution with freeze-
dried gelatin nanoparticles. The dosage of BMP-2 loaded to gelation nanoparticles is 50
ng BMP-2 in 100 pl for 1 mg of gelatin nanoparticle. To ensure complete absorption of
BMP-2, the combined solution was stored at a temperature of 4 °C for a period of 20
hours. After incubation period, BMP-2 loaded GNPs were centrifuged at 16,500 xg, +4
°C, 10 minutes. The supernatant part was collected as non-entrapped BMP-2, and the
pellet was resuspended in the same amount of PBS. BMP-2 incorporation efficiency is
calculated using ELISA test, the non-entrapped part was measured with other samples
collected during the release study at specific time intervals. Calculation was made using

following equation.
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Practical Loading

Incorporation Efficiency (IE%) = Theoretical Loading x 100

Here the practical loading refers to the value obtained from ELISA test and the theoretical
loading corresponds to the initial amount that was originally added to the solution, namely
50 ng of BMP-2.

1 mg of BMP-2 loaded nanoparticles were introduced into the uniform and FGS scaffolds.
Specifically, a nanoparticle solution containing 1 mg in 100 pl was applied to the
scaffolds and allowed to incubate for a duration of 2 hours at a temperature of 37 °C.

Subsequent to the incubation phase, cell culture and studies were conducted.
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Figure 13. Schematic representation of experimental process used to fabricate scaffolds
and incorporate BMP-2 loaded GNPs produced using two step desolvation technique,
contribution of thesis is encircled. The figure was drawn by using BioRender.com.
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Figure 14. Nanoparticle preparation process using two-step desolvation. From left to
right: 1. Gelatin desolvation in ultrapure water. 2. Observed Tyndall effect. 3.
Nanoparticles after centrifuge.

3.5 Characterization of the Scaffolds

3.5.1 Morphological Analysis with Micro-CT

The assessment of scaffold morphology, consisting of total porosity and pore size
distributions, was conducted through Micro-CT (SkyScan 1172; Bruker, Belgium).
Following the scanning procedure, 2D slices underwent reconstruction into a 3D structure
using the Skyscan NRecon (Version 1.7.5.4) software. Morphological images of the
specimens from various cross-section slices were generated using the DataViewer
program. For 3D morphological analysis, the CTAn software (SkyScan) was employed.
To ensure uniformity, a round-shaped region of interest (ROI) was applied to 101 selected
slices, establishing a consistent volume of interest (VOI). Subsequently, the original CT
image underwent conversion into a binary image, with lower and higher grayscale
threshold values have been set to automatic and 255, correspondingly. The parameters
utilised for scaffold analysis are given in Table 1. Scanning parameters used for imaging
using micro-CT SkyScan 1172 tomography device..

Table 1. Scanning parameters used for imaging using micro-CT SkyScan 1172
tomography device.
Camera Resolution | Image Pixel Source Exposure Rotation Filter
Pixel Size in Pixels Size (um) | Voltage (V) | Time (ms) Step
(pum) (degree)
Uniform 8.15 1336 x 2000 12.95 60 150 0.4 None
FGS 12.95 1336 x 2000 12.95 60 280 0.4 None
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3.5.2 Scanning Electron Microscopy Imaging

Scanning Electron Microscopy Imaging (Zeiss Leo Supra VP 35 field emission) was used
to examine the nanoparticles and cell morphology. Specimens were coated with gold-
palladium for 120 seconds using vacuum sputtering device (Cressington, 108 Sputter).
To assess cell morphology, the following protocol was employed for preparing scaffolds:

1. A solution of 2.5% glutaraldehyde in 0.1 M PBS was prepared, and cells were
fixed with this solution for 2.5 hours.

2. Following the removal of the fixation solution, a dehydration step was executed
by introducing various concentrations of ethanol solutions to the scaffolds (35%,
50%, 70%, 80%, 90%, 95%, and 100%). In each concentration, cells were
incubated for 10 minutes, except for 15 minutes in the case of 100% ethanol.

3. After ethanol removal, Hexamethyldisilane (HMDS) solutions with varying
concentrations (50%, 60%, 70%, 80%, 90%, and 100%) were added and incubated
for 10 minutes for each concentration. HMDS was chosen for its role as a drying
agent, aiding in moisture removal from the sample. The critical point drying
process involving HMDS proves especially advantageous for preserving cell
structures, mitigating the detrimental effects associated with conventional drying
methods. The 100% HMDS solution was left under the hood overnight with an
open well-plate lid to facilitate HMDS evaporation. Following the drying process,
samples were coated using the previous protocol.

3.5.3 Mechanical Properties Evaluation

Compression and tension tests were carried out for PCL-nHA scaffolds. Tests were done
with MARK-10 (Mark-10 Corporation, USA) device with a 1 kN load cell as shown in
Figure 15. Test setup used for tensile and compression testing using a) MARK-10 UTM
machine with b) images during compression testing of scaffolds.. Compression tests were

done at 2 mm/min and tensile tests were conducted at 1 mm/min (J. W. Kim et al., 2017a).
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Figure 15. Test setup used for tensile and compression testing using a) MARK-10
UTM machine with b) images during compression testing of scaffolds.

3.5.4 Contact Angle Measurement

The hydrophilicity assessment of the 3D scaffolds involved contact angle measurements
conducted with the Attension Theta Lite Optical Tensiometer (Nanoscience, USA). A
volume of 2.5 pL of distilled water was applied onto the thin film samples using the
sessile drop method. To ensure accuracy, each set of measurements was repeated three

times, enabling the calculation of the average contact angle for the scaffolds' surface.

3.5.5 Viscosity Analysis

The MCR 92 Rheometer (Anton Paar, Austria) was utilised to examine the viscosity of
the PCL15HA10 solution at two distinct solution ages, namely 1 day and 13 days. This
analysis aimed to elucidate the viscosity characteristics and solution behaviour under
shear conditions. The experimental setup employed a parallel plate head with a 1 mm gap,
and assessments were conducted through amplitude sweep tests and viscosity

measurements.

3.5.6 Characterization of Nanoparticles

The morphology of gelatin nanoparticles was assessed using SEM (Zeiss Leo Supra VP
35 field emission). The specimens were created by depositing 10 pl of the rinsed
nanoparticle solution onto the silicon wafer's surface and allowing it to air dry for a
duration of 2 hours at ambient temperature. The surface of the wafer was spray-coated
with gold/palladium under vacuum by using Denton sputtering machine for 40 seconds,

three times prior to imaging.
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Z-average size and polydispersity measurements of the nanoparticles were done three
times for each specimen by dynamic light scattering (DLS), using a Zetasizer Nano-ZS
(Malvern Instruments Ltd., UK).

3.6 In vitro Studies

MC3T3-E1 subclone 4 (ATCC CRL-2593) was used for cell culture studies. Alpha-MEM
(Gibco) supplemented with 10% Fetal Bovine Serum (Pan Biotech) and 1% Penicillin-
Streptomycin solution (Pan Biotech) was used as growth medium.

Scaffolds were sterilized by washing with sterile 1X DPBS and then placed in 70%
ethanol for one hour. Then, ethanol was removed, and scaffolds washed with 1X DPBS
twice for 15 minutes. After removing the DPBS, each side of the scaffold was subjected
to UV light for one hour.

Sterilised scaffolds were seeded with 5200 cells/cm2 in 100 ul growth medium, and
cultured for 2 hours in 37°C, in an incubator. The cell seeding was performed in a
hydrophobic culture dish to ensure that the cells adhered to the scaffold rather than the
dish itself. After 2 hours of culture, scaffolds are moved to the 24 well cell culture plate

and 1 ml growth medium was added.

3.6.1 Cell Metabolic Activity Assessment

To assess the metabolic activity of the cells, MTS assay (CellTiter 96 Aqueous One
Solution Cell Proliferation Assay, Promega) was used. The measurements were carried
out on the 7", 14™ and 21% days. The medium was refreshed every other day. To
summarize, the growth medium was discarded and replaced with an MTS solution of 120
pl, along with 600 pl of growth medium, in each well. The mixture was then incubated
for 4 hours at 37 °C with a 5% CO2 concentration. Following incubation, 200 pl of the
solution was dispensed into a 96-well plate in triplicates. The absorbance of the samples
was then assessed at a wavelength of 490 nm utilizing a plate reader (Infinite 200 Pro,

Tecan).
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3.6.2 Alkaline Phosphatase Activity Assessment

Cells were cultured on both uniform and FGSs for a duration of 21 days. For prompting
osteogenic differentiation, the cells were exposed to an osteogenic medium supplemented
with 10 pg/ml ascorbic acid (Sigma) and 3 mM B-Glycerophosphate (Sigma). This
medium was introduced after the initial 3 days of culture. Alkaline phosphatase (ALP)
activity assessments were conducted on days 7, 14, and 21.

Briefly, cellular lysates were derived using M-PER (Mammalian Protein Extraction
Reagent, Thermo Scientific). A mixture of 2 ul of this lysate and 2 pl of the ALP assay
kit's substrate (Alkaline Phosphatase, Diethanolamine Detection Kit, Sigma Aldrich) was
incubated for 45 minutes, followed by absorbance readings at 405 nm.

The ALP activity was normalized by utilizing the Bradford assay to measure the total

protein concentration of each sample.

3.6.3 Phalloidin and DAPI Staining

Phalloidin and DAPI staining were used to evaluate cell morphology. Briefly, cell
cultured samples were treated with a 4% paraformaldehyde (PFA) solution and fixed for
a duration of 30 minutes at ambient temperature. Following this, the specimens underwent
treatment with a solution comprising 0.1% Triton X-100 in DPBS for a duration of 15
minutes at room temperature. This step was performed to enhance the cells' permeability.
Subsequently, the samples were blocked with a 1% bovine serum albumin (BSA) solution
in PBS for 45 minutes at room temperature. The samples were sliced using a microtome
blade in order to examine the central section. The specimens were subsequently placed in
a dark environment at room temperature for a duration of one hour, where they were
treated with Phalloidin Alexa Fluor 546 (Invitrogen) that had been diluted to a
concentration of 1:400 in DPBS. After the incubation period, the phalloidin solution was
removed, and the specimens were rinsed with sterile 1X DPBS. Finally, the samples were
placed on a confocal dish, and a drop of Fluoroshield with DAPI (diamidino-2-
phenylindole) (Sigma) was added. After a 5-minute incubation in the dark, the samples
were observed using a confocal microscope (Zeiss, LSM 710).

31



3.6.4 Release Studies

To examine the release profile of BMP-2 growth factor, an enzyme-linked
immunosorbent assay (ELISA) targeting bone morphogenetic protein 2 (BMP-2; AFG
Scientific, US) was conducted.

In the preliminary phase of the study, the scaffolds were directly loaded with BMP-2. To
elaborate, 50 ng of BMP-2 was applied to both uniform and FGS scaffolds, and the
scaffolds were then incubated for 2 hours at 37°C in an incubator. Following incubation,
the scaffolds were moved to a 24-well plate, and then 1 ml of DPBS was introduced,
followed by a 5-minute agitation period. The resulting solution represented the fraction

of BMP-2-loaded gelatin nanoparticles that remained unbound.

Subsequently, an additional 1 ml of DPBS was introduced, and specimens were collected
from the scaffolds at various time intervals, specifically at 4, 12, 24, 48, 72, 160 and 336

hours. These collected samples were subjected to an ELISA assay for further analysis.

After completing the first phase of the study as described above, 50 ng/100 ul of BMP-2
loaded gelatin nanoparticles was introduced to both sterile uniform and functionally
graded scaffolds, followed by a 2-hour incubation at 37°C within an incubator. Post-
incubation, the scaffolds were moved to a 24-well plate, and 1 ml of DPBS was added,
followed by a 5-minute agitation. The resulting solution represented the fraction of
unbound BMP-2-loaded gelatin nanoparticles. Subsequently, an additional 1 ml of DPBS
was added, and samples were collected from the scaffolds at various time points,
specifically at 2, 4, 8, 12, 24, 48, and 72 hours. These collected samples were then
subjected to ELISA assay for further analysis.
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Chapter 4

Results and Discussion

The chapter presents findings from the in-depth characterization studies along with
comprehensive discussions. Firstly, porosity analysis using micro-CT is presented.
Subsequently, mechanical properties are assessed through UTM test results. The viscosity
of the PCL-HA solution is evaluated using a rheometer, and the findings are presented
herein. Contact angle measurements were conducted for both PCL-HA scaffolds and
gelatin nanoparticle-loaded PCL-HA scaffolds. In vitro tests were performed for both
types of scaffolds— PCL-HA and gelatin nanoparticle-loaded PCL-HA scaffolds. These
tests included the MTS assay for cell viability assessment, ALP assay for alkaline
phosphatase activity measurement, phalloidin and DAPI for cell morphology observation,

and ELISA assay for BMP-2 release studies.

4.1 Morphological characterization with micro-CT

Figure 16. Computed tomography (CT) scans of three-dimensional (3D) uniform and
FGS scaffolds captured from top and side view. illustrates top and side views of the
reconstructed 3D images of sample uniform and FGS scaffolds using micro-CT. To carry
out the examination, 51 segments of the volumetric region of interest (VOI) were
pinpointed from three separate areas, each possessing its individual distinct ROI. When
compared with the desired morphology, overall, it is noted that the desired strut and
macro-pore dimensions were achieved as apparent in top view image with slight
deviations along the longitudinal direction as is apparent in the side view images. Overall,
the desired macro-pore morphology was maintained but vertical struts and pored showed

angular orientation deviations depending on the used printing velocity and pressure.

33



View

Top

Side

Figure 16. Computed tomography (CT) scans of three-dimensional (3D) uniform and
FGS scaffolds captured from top and side view.

Table 2. Measured and theoretical porosity analysis results

Uniform Structure FGS Structure
Stl File Structure Size 10.5x 10.5x 3.0 mm 14.08 x 14.08 x 3.59 mm
Theoretical Macroporosity 61.8% 62.8%
Measured Porosity 79.9 % 73.0 %
Difference Between
Measured Porosity vs. 22.65 % 13.97 %
Theoretical Porosity

4.2 Mechanical Properties Evaluation

To assess the mechanical characteristics of the FGS and uniform scaffolds, we conducted
tensile and compression tests. Stress-strain curves were generated to illustrate the
behaviour of the scaffolds subjected to tension and compression forces. As shown in
Figure 17 , the stress values for the FGS scaffolds were lower than those for the uniform
scaffold. The stress-strain curves suggest a comparable mechanical consistency between
the uniform and functionally graded scaffolds, highlighting the effectiveness of the
fabrication process. It is conceivable that the uniform scaffold, with its homogeneous
material distribution, exhibits higher stress values due to a more concentrated load-
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bearing capacity. Conversely, the FGS scaffolds’ lower stress levels can be attributed to
its gradient structure, which influences the distribution of compressive forces. Although
the uniform scaffold demonstrates superior stress resistance, the functionally graded
scaffold may offer advantages in terms of flexibility or adaptability, as indicated by its
lower stress values. It is noted that the compression tests are carried out with compression
applied along the thickness of the scaffolds as shown in the side view while tensile tests
are carried out with tension applied along the x or y dimension of the top view as shown
in Figure 16. Computed tomography (CT) scans of three-dimensional (3D) uniform and
FGS scaffolds captured from top and side view.. Since the produced load bearing surface
area and dimensions, despite similar porosities of FGS and uniform scaffolds are not the
same, a one-to-one comparison is not possible especially for the compression test where
the surface area is more than twice the area for the FGS vs. uniform scaffolds. More
thorough assessment with possibly comparable surface area, dimensions and porosities
are needed.

Compression

= = FGS

Figure 17. Stress vs. strain data obtained using compression test for FGS vs. uniform
scaffolds (n=3).
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Figure 18. Stress vs. strain data obtained using tension test for FGS vs. uniform
scaffolds (n=3).

Table 3. Compressive and Tensile Modulus of FGS and Uniform scaffolds

Tensile Moduli Compressive

(MPa) Moduli (MPa)
FGS 1153+2,42 2,17 £ 0,082
Uniform 10,41 + 2,98 2,67 +0,14

4.3 Contact Angle Measurement

The results of contact angle measurements on PCL15HA10 film specimens loaded with
GNP are presented in Table 4 and Figure 19Table 4. Contact angle values for gelatin
nanoparticle loaded scaffolds and unloaded scaffolds.. The hydrophilic properties of these
scaffolds are crucial in influencing cell adhesion and growth. The incorporation of gelatin
nanoparticles into the scaffolds resulted in a significant reduction in the contact angle,
suggesting that the presence of gelatin nanoparticles greatly enhanced the hydrophilicity
of the scaffolds. Prior investigations have provided detailed insights into the influence of
gelatin nanoparticles, serving as a hydrophilic polymer, on decreasing the contact angle
exhibited by synthetic hydrophobic polymers (Kozehkonan et al., 2019; Li et al., 2014;
Shahrezaee et al., 2018).
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Table 4. Contact angle values for gelatin nanoparticle loaded scaffolds and unloaded
scaffolds.

PCL15HA10 without GNP~ PCL15HA10 with GNP

85.9°+29 25.7°+4.4

w - ¥

PCL15HA10 PCL15HA10 with GNP

Figure 19. Contact angle measurements of gelatin nanoparticle loaded film scaffolds
and unloaded film scaffolds, n=3.

4.5 Viscosity Analysis

The viscosity-shear rate outcomes for the PCL-HA with 15% PCL and 10% nHA solution
used for producing uniform and FGSs were assessed and are illustrated in Figure 20. The
viscosity vs. shear rate graph depicts a dynamic rheological behaviour of the material
within a range of shear rates. The material undergoes a substantial decrease in viscosity
as the shear rate increases. This observed trend signifies a shear-thinning behaviour. The
significant drop in viscosity suggests that the material is responsive to varying shear
conditions, which can have practical implications in applications requiring flow under
stress. The shear-thinning nature, evident in the graph, may be advantageous for processes
involving injection or flow, making the material more adaptable to dynamic conditions.
Importantly, the observed shear-thinning behaviour indicates non-Newtonian fluid
characteristics, distinguishing it from fluids with constant viscosity, thus aligning with
the complexities of non-Newtonian rheology. The measured viscosity is consistently in

the range with earlier measurements (Bilgili et al., 2024).
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Figure 20. Viscosity versus shear rate measurements for PCL-HA solution carried out
at day 1 and day 13 using Anton Paar MCR 92 rheometer device.
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Figure 21. Shear Stress versus shear strain measurements.

4.6 Characterization of Nanoparticles

Gelatin nanoparticles in aqueous solutions were characterised using dynamic light
scattering to determine their average size or diameter. The gelatin nanoparticles were
found to have a hydrodynamic diameter of 144.4 + 2.7 nm upon measurement,
demonstrating a monodisperse size (polydispersity index = 0.01). Scanning electron
microscopy analysis confirmed the gelatin nanoparticles exhibited a round shape (Figure
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23. SEM images of the produced GNPs, a) with 50K magnification and b)100K
magnification.). Visual examination of the nanoparticles indicated that the majority is
within the size range of 100-150 nm, consistent with the dynamic light scattering results
(Figure 22. DLS analysis of produced gelatin nanoparticles obtained from Zetasizer
Nano-ZS, n=3.). Interestingly, the mean diameter obtained from scanning electron
microscopy (~104 nm) was found to be smaller than the hydrodynamic diameter. The
variation in measurements can be ascribed to the distinction in the methodologies
employed: SEM quantifies the diameter of the particle in its dry state, while DLS
considers the hydrodynamic diameter, incorporating the influence of hydrated layers on
the particle surface.

BMP-2 loading to gelatin nanoparticles was found to be 85,79 %. The measurements were

carried out as discussed in section 3.4.
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Figure 22. DLS analysis of produced gelatin nanoparticles obtained from Zetasizer Nano-
ZS, n=3.
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Figure 23. SEM images of the produced GNPs, a) with 50K magnification and b)100K
magnification.
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4.8 Cell Metabolic Activity Assessment

Two distinct geometries were used to construct scaffolds made of 15% PCL and 10%
nHA, on which MC3T3-E1 cells were cultured. The MTS assay results for bone tissue
scaffolds with uniform and FGS reveal notable differences in cell viability and
proliferation dynamics as seen in Figure 24. Percentage viability results of MTS assay for
BMP-2 encapsulated GNP loaded FGS and uniform scaffolds, n=3. While both scaffold
types support cell viability over the experimental period, the uniform scaffold consistently
exhibits higher cell viability percentages compared to the FGS scaffold at each time point.
Moreover, the uniform scaffold demonstrates a more rapid increase in cell viability,
indicating a higher proliferation rate. However, both scaffold types eventually achieve
high levels of cell viability by day 21, suggesting their potential for supporting cell
growth. While the FGS scaffold initially shows lower cell viability compared to the
uniform scaffold, it still demonstrates a significant improvement in cell viability over
time. This suggests that despite the initial difference, the functionally graded structure
scaffold is capable of supporting cell proliferation and achieving high cell viability by the

end of the experimental period.
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Figure 24. Percentage viability results of MTS assay for BMP-2 encapsulated GNP
loaded FGS and uniform scaffolds, n=3
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4.9 Alkaline Phosphatase Activity Assessment

The ALP activity was assessed for both the FGS and uniform scaffolds, in the presence
of BMP-2 encapsulated gelatin nanoparticles. Figure 25 shows the graph obtained from
ALP assay. Initially, on day 7, both scaffold types and the control cells exhibited ALP
activity, indicating early osteogenic differentiation. However, from day 7 to day 14, there
was a decrease in ALP activity for all samples, including both scaffold types and the
control cells. This unexpected decrease may reflect a transition phase in osteogenic
differentiation or changes in cellular behaviour. By day 21, ALP activity continued to
decrease for all samples, contrary to the expected trend of increasing osteogenic
differentiation over time. This unexpected decrease suggests potential limitations or
challenges within the experimental setup or cellular environment that impact osteogenic
differentiation. Further investigation is warranted to identify and address the factors
contributing to the observed decrease in ALP activity and possible experimental errors.

It is noted that the BSA standard was conducted using 1mg/ml.

.
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Figure 25. ALP activity results of MC3T3 cells on uniform and FGS scaffolds,
normalized with Bradford assay results, n=3

4.10 Phalloidin and DAPI Staining

Cells on the scaffolds were imaged with confocal microscopy at 7, 14, and 21 days of
culture to assess the distribution and morphology of cells on both uniform and FGS

scaffolds. The results, as seen in the Figure 26 and Figure 27, indicated that each scaffold
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proficiently supported cell growth within the tissue scaffold. Over the course of the 21-
day culture period, there was a continual and consistent enhancement in both cell
proliferation and distribution on both types of scaffolds, a trend further validated by the

cell proliferation assay.

Figure 26. Confocal images using DAPI (blue) and Phalloidin (red) staining on Uniform
scaffolds, Morphologies Day 7, day 14, day 21 (A, B, C, respectively), Distributions Day
7, day 14, day 21 (D, E, F, respectively)
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Figure 27. Confocal images using DAPI (blue)and Phalloidin (red) staining on FGS
scaffolds, Morphologies Day 7, day 14, day 21 (A, B, C, respectively), Distributions Day
7, day 14, day 21 (D, E, F, respectively)

4.11 Cell Morphology Analysis with SEM

To acquire morphological information on cell attachment to 3D PCL-HA scaffolds
featuring distinct geometries, scanning electron microscopy (SEM) was utilised for
imaging cells on the 71, 14" and 21% days. The findings indicate that cells displayed
favourable attachment on the surfaces of both the uniform and FGS scaffolds (Figure 28).
In consistency with the confocal images, cells demonstrated good attachment on the
surface of scaffolds continuously with more dense cell occupation for the uniform
scaffolds than for FGS scaffolds on day 7. On day 14, it was observed that the cells
occupied the majority of scaffold strut surfaces with some bridging over the struts for
FGS scaffolds. On day 21, the cell morphology displayed clear borders for uniform
scaffolds when compared with FGS scaffolds. Overall, the scaffold surface, rather than
the pore regions, was covered by interconnected cells in both type of scaffolds.
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Figure 28. SEM images showing cell morphologies on uniform (A, B, C) and FGSs (D,
E, F) during a culture period of 7 (A, D), 14 (B, E), and 21 (C, F) days.
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4.12 Release Studies

Figure 29 shows the release pattern of BMP-2 loaded uniform and FGS scaffolds that do
not contain any GNP. Based on the trend of the release curve, an increase of release
behaviour is observed in the first hours, and a stable profile is observed thereafter.
However, regarding the values of the released concentration when compared with the
initially loaded BMP-2 concentration of 50 ng/100 ul, it can be deduced that actually
almost no BMP-2 was released due to the very low release percentage value of 500 pg/50
ng. It may be argued that the BMP-2 growth factors are trapped within the scaffold or this
seemingly unexpected result may be due to problems in the BMP-2 ELISA kit or other
experimental uncertainties which prompts for further investigation possibly with a control
group of gelatin nanoparticles and repeated tests investigating the effect of the BMP-2
loading and the release experiments.

Figure 30 illustrates the release pattern of BMP-2-GNP in a PBS buffer solution. In both
scaffold configurations, a rapid release was observed within the initial 8 hours. Unlike in
the case where GNPs were not present, the concentration values call for a significant
release behaviour in case where BMP-2 was encapsulated within gelatin nanoparticles.
Between the 12" and 72" hours, the release of BMP-2 exhibited a more consistent
increase. Notably, release from FGS scaffolds were relatively higher than uniform
scaffolds. Due to the structural characteristics of the FGS scaffolds, with larger pores on
the outer surface area regions while smaller pores occupying the central region, the
measured release profile from the FGSs, compared to uniform scaffolds, agrees with the
expected release pattern.

The total release of BMP-2 over a 72-hour immersion period was calculated as 49,267
pg/ml and 54,250 pg/ml for uniform and FGS scaffolds, respectively. The initially loaded
amount of BMP-2 was 50 ng/100 pl, and this loaded BMP-2 was released from both
scaffolds within the 3-day period. Discrepancies between the loaded and measured BMP-
2 levels could be attributed to the ELISA kit. An issue with the expiration date of the
ELISA kit may be a contributing factor to this discrepancy. Overall, it can be still deduced
that the observed continuous release behaviour of BMP-2 suggests that gelatin NPs are
effective in delivering growth factors with an initial burst release in the first 24 hours
followed by a more sustained release thereafter. However, it would be necessary to carry

out repeated readings.

46



600 -

500 L 4

400

- A FGS

300 - _x_-—""-A

& Uniform
200

Concentration (pg/ml)

100 47 »

0 ok T T T !
0 20 40 60 80

Hours

Figure 29. BMP-2 cumulative release results obtained for uniform and FGS scaffolds
with no GP loading using ELISA, n=1
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Figure 30. BMP-2-GNP cumulative release results obtained for uniform and FGS
scaffolds with ELISA, n=1
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Chapter 5

Conclusions and Future Work

5.1 Conclusions

This thesis focused on the analysis of FGS and uniform scaffolds while examining the
impact and release kinetics of BMP-2 loaded GNPs. The scaffolds analysed in this thesis
were fabricated using a combination of the earlier proposed Non-Solvent-Induced Phase
Separation (NIPS) method and 3D printing and therefore displayed multi-scale porosity
and spatially varying macropores mimicking natural bone tissue. Gelatin nanoparticles
were created through a two-step desolvation method, and BMP-2 was encapsulated into
these nanoparticles using a diffusion method. The incorporation of BMP-2 encapsulated
gelatin nanoparticles into PCL-HA scaffolds of uniform and FGSs was achieved through
adsorption. In particular, this study investigated the effect of morphology and BMP-2-
gelatin nanoparticle loading on biological and release performance of uniform and
functionally graded scaffolds.

To study these effects, a thorough investigation of scaffolds made of Polycaprolactone
(PCL) and Nanohydroxyapatite (HA) featuring macro-pore gradients in multiple
directions was conducted. Furthermore, the incorporation of BMP-2 loaded GNPs into
both uniform and FGSs produced through the NIPS process integrated to 3D printing was
presented, hence delivering scaffolds with multi-scale porosity. Using these scaffolds, our
research presented an examination of the mechanical, biological and release performance
by comparing PCL-HA uniform scaffolds with FGS scaffolds containing BMP-2 loaded
gelatin nanoparticles. Experimental characterizations are carried out via mechanical UTM
testing, imaging via micro-CT and scanning electron microscope (SEM), in-vitro testing
including phalloidin and DAPI staining, alkaline phosphatase (ALP) activity and ELISA

testing as well as confocal imaging.
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The fabrication of both functionally graded and uniform 3D bone scaffolds have been
accomplished successfully, and characterised both in vitro and mechanically. The
resulting 3D scaffolds were thoroughly examined through micro-CT analysis, SEM,
UTM analysis, and contact angle analysis. Furthermore, the gelatin nanoparticles that
were produced underwent investigation using SEM imaging and DLS.

The micro-CT examination revealed that the porosity percentages for the uniform and
FGS scaffolds were 79.9% and 73.0%, respectively. There were deviations both in
dimensions and porosity which when considering the challenges faced in optimization of
the printing conditions were deemed to be in the acceptable range. Using a UTM testing
machine, the compressive modulus of uniform scaffolds was measured at 2.67 £ 0.14
MPa, while the tensile modulus was determined to be 10.41 + 2.98 MPa. For FGS
scaffolds, the compressive moduli were found to be 2.17 £ 0.082, and the tensile moduli
were determined to be 11.53 + 2.42 MPa. When considering differences in the overall
cross-sections despite similar porosities, although not one-to-one comparable, both
morphologies seemed to display suitable load bearing abilities and consistent results with
literature. Contact angle results revealed values of 85.9° + 2.9 for PCL-HA film scaffolds
and 25.7° + 4.4 for GNP-loaded PCL-HA film scaffolds with increased hydrophilic
surface as expected with the incorporation of gelatin nanoparticles. Gelatin nanoparticle
sizes were measured at 144.4 + 2.7 nm, with a 0.01 PDI index using DLS measurements,
and these measurements were confirmed through SEM imaging indicating repeatable
manufacturing of GNPs around 150 nm suitable for BMP-2 encapsulation.

The in vitro assessments of scaffolds, whether featuring uniform porosity or varying
porosity through non-uniform structures with gradient size porosity, revealed robust cell
viability over a 21-day period with uniform scaffolds displaying comparatively increased
cell viability when compared with FGS counterpart especially in the early 7 day and 14-
day period. Regarding ALP activity measurements, from day 7 to day 14, there was a
decrease in ALP activity for all samples, including both scaffold types and the control
cells. This unexpected decrease may reflect a transition phase in osteogenic
differentiation or changes in cellular behaviour. However, by day 21, ALP activity
continued to decrease for all samples, contrary to the expected trend of increasing
osteogenic differentiation over time. This unexpected decrease suggests potential
limitations or challenges within the experimental setup or cellular environment that
impact osteogenic differentiation. Further investigation is warranted to identify and

address the factors contributing to the observed decrease in ALP activity and possible
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experimental errors. Regarding phalloidin and DAPI staining measurements via confocal
images, over the course of the 21-day culture period, there was a continual and consistent
enhancement in both cell proliferation and distribution on both types of scaffolds, a trend
further validated by the cell proliferation assay. Based on SEM imaging, consistent with
confocal images, cells demonstrated good attachment on the surface of scaffolds
continuously with more dense cell occupation for the uniform scaffolds than for FGS
scaffolds on day 7. On day 14, it was observed that the cells occupied the majority of
scaffold strut surfaces with some bridging over the struts for FGS scaffolds. On day 21,
the cell morphology displayed clear borders for uniform scaffolds when compared with
FGS scaffolds. Overall, the scaffold surface, rather than the pore regions, was covered by
interconnected cells in both type of scaffolds. Finally, based on the very low released
BMP-2 concentration values from scaffolds not adsorbed with GNPs, it may be argued
that the BMP-2 growth factors are trapped within the scaffold or this seemingly
unexpected result may be due to problems in the BMP-2 ELISA kit or other experimental
uncertainties which prompts for further investigation possibly with a control group of
gelatin nanoparticles and repeated tests investigating the effect of the BMP-2 loading and
the release experiments. Unlike in the case where GNPs were not present, the
concentration values call for a significant release behaviour in case where BMP-2 was
encapsulated within gelatin nanoparticles. More specifically, the total release of BMP-2
over a 72-hour immersion period was calculated as 49,267 pg/ml and 54,250 pg/ml for
uniform and FGS scaffolds, respectively. The initially loaded amount of BMP-2 was 50
ng/100 pl, and this loaded BMP-2 was released from both scaffolds within the 3-day
period. Discrepancies between the loaded and measured BMP-2 levels could be attributed
to the ELISA Kit. An issue with the expiration date of the ELISA kit may be a contributing
factor to this discrepancy as well as uncertainties associated with the experiment where a
BSA standard of 1 mg/ml was used instead of a desired lower concentration of 0.1 - 0.5
mg/ml. Overall, it can be still deduced that the observed continuous release behaviour of
BMP-2 suggests that gelatin NPs are effective in delivering growth factors with an initial
burst release in the first 24 hours followed by a more sustained release thereafter.
However, it would be necessary to carry out repeated readings at validated BSA standards
with possibly more samples.

The results of this study indicate that 3D bone scaffolds both uniform and FGS developed
in this study have significant potential in promoting osteoregeneration as effective

mediators. Also, both morphologies, when adsorbed with BMP-2 encapsulated GNPs
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produced via the two step desolvation method allow for a sustained release of growth
factors. Specific differences related to their mechanical strength and comparative
regeneration potential as well as release performances call for more thorough and

repeated tests.

5.2 Future Work

In future research related to this thesis, there is an opportunity to further investigate cell
viability, mineralization activity, and release kinetics. This could involve a more detailed
examination of involved morphological parameters as well as manufacturing
uncertainties, potentially under different experimental conditions or extending the study
duration. In particular, additional repetitive set of ALP and phalloidin and DAPI staining
and a repeated Elisa release test could prove to be very useful to be able to interpret the
associated uncertainties. It is noted that the printing conditions were overall hard to be
maintained and this gave rise to vertical alignment deviations that might have contributed
to alterations of surface alignment which constitute areas for cell attachment and
proliferation as well as pore size and alignment which play critical role in cell behaviour.
Extending the focus from the current thesis, an alternative and novel approach could be
pursued by exploring alternative blending methods, such as incorporating gelatin
nanoparticles into the PCL-HA solution using different techniques. Additionally, to
enhance the regenerative potential of the scaffolds, a promising avenue for future
exploration is the integration of a second growth factor, such as Vascular Endothelial
Growth Factor (VEGF). This strategic incorporation aims to stimulate angiogenesis, thus
further contributing to the comprehensive tissue regeneration process. These proposed
avenues for future work hold the potential to deepen our understanding and refine the
design of biomimetic scaffolds, paving the way for more advanced applications in tissue

engineering.
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